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ABSTRACT
The non-native seagrass species Halophila stipulacea has spread throughout the Eastern
Caribbean since 2002, and could potentially impact the functioning of local seagrass
ecosystems. Important characteristics for invasiveness, such as dispersal, recruitment and
expansion of H. stipulacea at a local scale, are unknown. We assessed H. stipulacea expansion
rates within Lac Bay, Bonaire, Dutch Caribbean (7 km2), since its establishment in 2010 and
tested the settlement potential of uprooted vegetative fragments of H. stipulacea. Using 49
fixed locations, we observed that between 2011 and 2015 the occurrence of H. stipulacea in
the bay increased significantly from 6% to 20% while native Thalassia testudinum occurrence
decreased significantly from 53% to 33%. Free-floating H. stipulacea fragments that were
collected and tethered above the sediment rooted within 10 days with a settlement success
rate of 100%. The growth of settled fragments was on average 0.91 shoots d−1. The ongoing
shift from native T. testudinum to introduced H. stipulacea dominated meadows may have
important consequences for multiple Caribbean seagrass ecosystem functions. Given the
large difference in size between the two seagrass species, functions such as coastal
protection, habitat structure, food availability, and the stability and resilience of these
systems can be altered. The next steps towards modelling future expansion of H. stipulacea
throughout the Caribbean and beyond should include the assessment of fragment viability
and dispersal distance, and the impacts of natural and anthropogenic disturbance on
vegetative fragment density, dispersion and settlement by this species.
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The rate at which non-native species are being intro-
duced in aquatic ecosystems is increasing worldwide
(Ruiz et al. 2000; Molnar et al. 2008). Some of these
introduced species can rapidly spread and often
become invasive when they negatively impact the
stability and biological diversity of ecosystems
(Williams 2007; Willette et al. 2014). For example, in
Mediterranean and Australian seagrass ecosystems,
the non-native green alga Caulerpa taxifolia (M.Vahl)
C.Agardh has rapidly invaded and locally replaced
native seagrass meadows (Williams 2007). Recent
trans-oceanic introductions of seagrass species are
rare, with only two documented species: Zostera japo-
nica Acherson & Graebner and Halophila stipulacea
(Forsskål) Ascherson. The introduction of Z. japonica
from Japan to the North-Eastern Pacific led to increased
seagrass habitat by colonization of bare mudflats
(Posey 1988), although competition with Z. japonica
in combination with disturbance significantly reduced
native Zostera marina Linnaeus performance (Bando
2006). The other introduced seagrass species,
H. stipulacea, originates from the Red Sea and the
western Indian Ocean and settled in the Mediterranean
Sea after the opening of the Suez Canal in 1869. From
the early 2000s onwards, H. stipulacea spread to various
islands in the Caribbean and was first reported on
Bonaire in 2010 (Ruiz & Ballantine 2004; Debrot et al.
2011; Willette et al. 2014).
In the Mediterranean, the introduction of
H. stipulacea did not negatively impact native seagrass
meadows (Duarte 2002). However, this species can
potentially have a large ecological impact at intro-
duced locations due to its extensive range expansion
and high tolerance to broad salinity, irradiance and
temperature ranges and substrate types (Lipkin 1975;
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Georgiou et al. 2016). These qualities can favour the
species in competition with native species and enable
it to spread quickly. In the Caribbean, the potential inva-
siveness and ecological impact are currently unknown
(Willette et al. 2014). However, recent observations in
Dominica showed that H. stipulacea can outcompete
the native pioneer species Syringodium filiforme
Kützing, Halodule wrightii Ascherson and Halophila dec-
ipiens Ostenfeld (Willette & Ambrose 2012; Steiner &
Willette 2015). Whether H. stipulacea can also replace
Thalassia testudinum K.D.Koenig, the climax species
that often dominates seagrass meadows in the Carib-
bean, remains to be studied. A potential shift from
slow-growing, structurally complex T. testudinum
meadows to fast-growing less complex meadows with
H. stipulacea dominance could have a large impact on
seagrass ecosystem services in this region and to the
carrying capacity of seagrass meadows for recovering
green turtle populations (Chelonia mydas (Linnaeus,
1758)). Besides invading existing seagrass beds,
H. stipulacea may also locally increase the ecosystem
services by colonizing areas which were previously
bare. In Dominica, the total area covered by seagrass
doubled from 2008 to 2013, exclusively due to
H. stipulacea expansion (Steiner & Willette 2015).
Seagrasses can expand via sexual reproduction and
vegetative growth. Long distance dispersal is facilitated
by seeds and rhizomal fragments and local expansion
by belowground rhizome elongation (Marbà & Duarte
1998; Kendrick et al. 2012). However, so far only male
flowers and no seeds have been recorded for
H. stipulacea in the Eastern Caribbean (Vera et al.
2014; Willette et al. 2014). Remarkable are the large
amounts of fragments present in these bays, consisting
of leaves, roots and rhizomes, of H. stipulacea (Ruiz &
Ballantine 2004; Vera et al. 2014). These fragments
apparently break off easily and are uprooted after dis-
turbance such as grazing and waves (Steiner & Willette
2015). Fragments of colonizing seagrass species, i.e.
H. wrightii and Halophila johnsonii N.J.Eiseman have
been reported to settle and root within two weeks in
mesocosms (Hall et al. 2006). So far, in situ studies on
the potential of vegetative fragments as a dispersal
mechanism for the non-native seagrass H. stipulacea
are lacking.
In this study we aim (1) to quantify biannual changes
(2011–2015) in seagrass occurrence in Lac Bay after
establishment of the non-native seagrass species
H. stipulacea and (2) to assess the colonization potential
and rate of free floating H. stipulacea fragments in situ.
Furthermore, we provide recommendations for future
studies to model the expansion of this non-native sea-
grass and assess its potential invasiveness. We expect
that H. stipulacea increased its number of colonized
locations in Lac Bay from 2011 to 2015, given the
rapid expansions reported elsewhere in the Caribbean.
Secondly, we expect that colonized areas will show an
increase in percentage occurrence of H. stipulacea and
potentially a decrease in occurrence of T. testudinum.
Additionally, H. stipulacea fragments are expected to
be highly viable, reflected in the fast settlement




Colonization of Halophila stipulacea and fragment
settlement was determined in Lac Bay (7 km2, 12°
10′N, 68°15′W), a shallow tropical clear-water bay
with extensive seagrass meadows situated in the
south-east of Bonaire, Dutch Caribbean (Figure 1a).
Seagrass meadows in the bay, which provide one of
the most important foraging grounds for juvenile
green turtles in the Caribbean, were dominated by
Thalassia testudinum (Debrot et al. 2012; Stapleton
et al. 2014). Mangrove vegetation surrounds the bay,
with hypersaline backwaters at the north-western
side (Figure 1a). Near this mangrove border, dense
and ungrazed T. testudinum meadows occurred in
water as shallow as 0.3 m. In the deeper centre of the
bay, sandy patches alternated with grazed mixed-
species meadows at depths up to 6 m, consisting of
T. testudinum, H. stipulacea, Syringodium filiforme and
various macroalgae (Figure 1a).
Seagrass occurrence in Lac Bay
To map the change in presence of the non-native sea-
grass species H. stipulacea and native seagrass species
throughout Lac Bay, we assessed their occurrence in
2011, 2013 and 2015. Seagrass occurrence was
assessed at 49 fixed sampling locations that were
spaced evenly at 250 m intervals and marked with a
handheld GPS (GPS 60Cx, Garmin). At each sampling
location, we counted presence or absence of T. testudi-
num, H. stipulacea and S. filiforme in each of 100 equal
squares within a one m2 quadrant. These measure-
ments were taken in six adjacent plots per location
by two observers wearing scuba or snorkelling equip-
ment. The six outcomes were averaged per location,
resulting in an average occurrence percentage per
species per location. When seagrass was present,
depth was measured twice per location, using a tape
measure, and averaged. Maps were made in QGIS
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(Quantum GIS Development Team 2016) to visualize
change in species occurrence over the years. The
occurrence per species per year was averaged, as well
as the percentage of locations colonized by either
species. Additionally, the relative increase or decrease
in occurrence of H. stipulacea between 2011 and
2015 was calculated per location. Because the data
were not normally distributed, a non-parametric Fried-
man test for paired samples (P < 0.05) was used to test
for differences over the years per species with separate
post-hoc Wilcoxon signed-rank tests, using a Bonfer-
roni adjustment (IBM SPSS Statistics 22.0 for Windows).
Halophila stipulacea fragment settlement
The colonization potential of detached H. stipulacea
fragments was determined in situ in November 2015,
in a period of intermediate wave action and wind
speeds (average wind speed of 8.4 ± 0.17 m s−1, near
the end of the hurricane season). A total of 25 rhizo-
mal fragments was randomly collected from the
water column (<1 m depth) in an area with an estab-
lished H. stipulacea population (Figure 1b). The
fragments were characterized by on average 8.8
shoots (range 3–15), 15.5 leaves (5–28) and 2.0 roots
(0–7). The fragments were attached to a rope (W:L;
6 mm:70 cm) that served as a tether to keep the frag-
ments in place. Five fragments per tether were
attached with cable ties and spaced evenly (at least
10 cm interval) along the rope. This was repeated for
a total of five tethers. We assumed that the settlement
of a single fragment was not influenced by the other
fragments on the tether and therefore considered
each fragment to be a unique individual measure-
ment. The tethers were placed just above (<2 cm)
the sediment surface so that the fragments were still
hanging in the water and could move on the currents.
Each tether was attached diagonally to two iron pins
in a 0.25 m2 square patch of bare sand from which
all seagrass biomass was removed (Figure 1c). This
patch was located within a shallow mixed seagrass
meadow consisting of T. testudinum, H. stipulacea
and S. filiforme (Figure 1c). Every other day the frag-
ments were checked for settlement. A small current
was created by hand, and if the fragment remained
in place and roots were visibly inserted in the
Figure 1. (a) Areal overview of Lac Bay, Bonaire, with an outline of the mangrove, seagrass and coral reef areas. (b) Seagrass
meadow in Lac Bay dominated by Halophila stipulacea. (c) Set-up of the fragment settling experiment; the orange tether is indi-
cated by the red arrow. (d) One of the experimental H. stipulacea fragments 6 days after settlement. The red circle indicates the
original tethered fragment. The plant material outside the red circle was grown since settlement. Map (a) by Google Maps®, photos
(b,c,d) by Fee Smulders.
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sediment the fragment was considered to be settled.
One fragment was lost from the tether, so calculations
were based on 24 fragments. After 12 days the frag-
ments were collected and the new shoots, leaves
and roots were counted and photographed (Figure
1d). The biomass produced since settlement could
easily be distinguished from the material already
present on the fragment at the start of the exper-
iment. The old, large leaves lost their colouring com-
pared with the young, green and small leaves. Old
roots were lost and old rhizomes were thick and
rigid, while new rhizomes and roots were flexible,
thin and white. All produced biomass was sub-
sequently dried at 70°C and weighed. The total
biomass production per fragment and the production
of new plant parts were calculated from the moment a
fragment was settled. New shoot growth was pro-
portional to new rhizome growth, as H. stipulacea is
characterized by a mono-meristematic non-leaf-repla-
cing growth form (Short & Coles 2001).
Results
Seagrass occurrence in Lac Bay
Species occurrence in Lac Bay changed significantly
through time for both Halophila stipulacea (χ2(2) =
7.475, P = 0.024, Friedman test) and Thalassia testudi-
num (χ2(2) = 18.721, P < 0.001, Friedman test). Follow-
ing Bonferroni correction (P < 0.017) we found that in
the 49 fixed locations, occurrence per m2 of the non-
native seagrass H. stipulacea increased significantly
from on average (±SE) 5.9% ± 3.1 in 2011 to 20.0% ±
5.2 in 2015 (Z =−2.947, P = 0.003, Wilcoxon signed-
rank test) but not from 2011 to 2013 (12.8% ± 4.4) nor
from 2013 to 2015 (Z =−2.080, P = 0.038; Z = 1.344, P
= 0.179 respectively, Wilcoxon signed-rank tests,
Figure 2a,b,c). Native seagrass T. testudinum showed a
significant decrease in occurrence per m2 from 53.2%
± 6.4 in 2011 to 33.2% ± 6.1 in 2015 (Z =−3.617, P <
0.001, Wilcoxon signed-rank test) and from 2011 to
2013 (40.4% ± 6.2) and 2013 to 2015 (Z =−3.878, P <
0.001; Z =−2.416, P = 0.016 respectively, Wilcoxon
signed-rank tests). Syringodium filiforme remained at a
constant low occurrence of 3.6% ± 1.4 per m2 (χ2(2) =
0.429, P = 0.807, Friedman test) over this period. The
average increase in occurrence of H. stipulacea at
already colonized locations was 42.0% per fixed
location for 2011 to 2015 (range in changes from
−15.8% to 99.0%). Halophila stipulacea settled first in
the deeper, central area of the bay. Within four years
it rapidly spread to 10 out of 49 additional locations
that were situated in the shallower areas of the bay.
Two of these locations recently colonized by
H. stipulacea were previously devoid of seagrass pres-
ence. The number of fixed locations at which
T. testudinum was present remained comparable over
this period, while the average occurrence of
T. testudinum at these colonized locations decreased
by 17.5% for 2011 to 2015 (range in changes from –
98.7% to 100.0%) (Figure 3). The locations at which
T. testudinum occurred had average depths of 2.1 m
in 2011, 2.0 m in 2013 and 1.8 m in 2015, all ranging
from 0.3 to 4.4 m. Halophila stipulacea was present on
average at 3.4 m depth in 2011 (2.2–4.4 m), 3.1 m in
2013 (1.0–4.4 m) and 3.2 m in 2015 (1.5–4.4 m). The
sampling locations directly adjacent to the mangroves
Figure 2. The occurrence and distribution of Thalassia testudi-
num, Halophila stipulacea and Syringodium filiforme in (a) 2011,
(b) 2013 and (c) 2015 at the 49 fixed sampling locations in Lac
Bay, Bonaire.
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showed the highest percentages of T. testudinum
occurrence, with >90% at an average depth of 1.0 m
in all years.
Halophila stipulacea fragment settlement
Within a week after tethering, 50% of the H. stipulacea
fragments were rooted. After 10 days all 24 fragments
were considered rooted and settled (Figure 1d, 4a).
Shoot growth, equal to rhizome growth, was on
average 0.9 fragment−1 d−1. Leaf growth accounted
for 1.8 fragment−1 d−1 and root growth for 0.7 frag-
ment−1 d−1. Finally, total biomass production was
7.1 mg fragment−1 d−1. We observed a high variation
in production of new shoots, leaves, roots and
biomass per fragment (Figure 4b).
Discussion
In this study we observed rapid expansion of the
potentially invasive seagrass Halophila stipulacea
between 2011 and 2015 throughout Lac Bay. Halophila
stipulacea occurrence increased by about 350% within
four years, and partially replaced or excluded native
Thalassia testudinum within the fixed sampling
locations. If these trends continue, this would result
in an average occurrence of 26% for T. testudinum
and 27% for H. stipulacea by 2017, hence potentially
a shift in dominance of seagrass within seven years
after settlement in this bay. Halophila stipulacea coloni-
zation and expansion was more extensive in the
deeper parts of the bay. Here, T. testudinum and S. fili-
forme are intensively cropped by grazing green
turtles, resulting in low-density T. testudinum
meadows that may be more easily colonized by the
fast-growing H. stipulacea than ungrazed, more structu-
rally complex seagrass canopies. However, H. stipulacea
expansion is not limited to these particular conditions,
as more shallow sites have also recently been colonized
and it has been observed to grow in between dense,
ungrazed T. testudinum meadows at depths up to
0.2 m (Fee Smulders, personal observation in 2015).
In Lac Bay, H. stipulacea is increasing in abundance
due to rapid clonal growth. In addition, this species is
probably able to spread both inside and outside the
bay, as fragments easily detach, float and are able to
quickly root when close to the sediment. The
H. stipulacea fragments were abundant, drifting both
on the water surface, in the water column and near
the sediment. Randomly collected fragments of differ-
ent sizes and lifespans all appeared viable and after
tethering the fragments started to grow new roots
and leaves within 10 days. Apart from our study,
clonal growth rates of H. stipulacea have been reported
Figure 3. The average (±SE) percentage occurrence of each
seagrass species per m2 per year; significant differences
between years are indicated with *. The table below the occur-
rence graph displays the percentage of fixed sampling
locations (n = 49) that is occupied per species in each year in
Lac Bay.
Figure 4. (a) The proportion of settled Halophila stipulacea fragments in time after tethering. (b) Production per fragment per day of
the different plant parts (shoot, leaf, root) and total biomass (median and variation, n = 24).
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only once from a mesocosm study in the Mediterra-
nean (Georgiou et al. 2016). Reported maximum
growth rates are one shoot every two days at the
maximum studied temperature of 30°C (Georgiou
et al. 2016). Given our average production of 0.9
shoots per day, Caribbean H. stipulacea appears to
grow remarkably faster, possibly due to the high temp-
eratures and light availability in shallow Caribbean bays
(Debrot et al. 2012). This short-term rooting of vegeta-
tive H. stipulacea fragments from the first field exper-
iments are in line with ex situ experiments where
H. wrightii and H. johnsonii fragments settled on the
sediment and started rooting within two weeks (Hall
et al. 2006). In another experiment from the same
study where settlement was prevented, individual
H. wrightii fragments remained viable for four weeks
after being fragmented, and H. johnsonii for eight
days at most (Hall et al. 2006). During this time the frag-
ments can travel and reach new grounds to colonize.
The dispersal method via fragments might explain
the past and predicted future expansion of
H. stipulacea. Through this efficient method,
H. stipulacea can thrive in meadows prone to natural
and human-induced disturbances such as turtle
grazing, storms, damage by propellers or anchors,
eutrophication, and bioturbation from shrimps or rays
(Steiner & Willette 2015; van Tussenbroek et al. 2016).
These factors can create open patches in native beds
and stimulate the release of vegetative fragments of
the non-native species with the potential to settle at
another location, as observed for the invasive macroal-
gal species Caulerpa taxifolia in Mediterranean
meadows (West et al. 2007, 2009). Comparably, the
invasive seagrass species Z. japonica was also reported
to positively respond to disturbance by increasing inva-
sion rates and therefore become competitively
superior over Z. marina in the Pacific Ocean (Bando
2006).
Expansion of H. stipulacea into native seagrass
meadows and the potential replacement of
T. testudinum may compromise seagrass ecosystem
functioning. Thalassia testudinum provides a dense
canopy structure to support faunal assemblages,
including green turtles, and forms a thick rhizome
mat to stabilize the sediment (Patriquin 1973; van Tus-
senbroek et al. 2006). Halophila stipulacea has smaller
leaves than T. testudinum (Den Hartog 1970) and the
leaf canopy of this potentially invasive species thus
likely provides less shelter for fauna (Debrot et al.
2012). Even more noteworthy are differences in below-
ground structure; H. stipulacea is not as firmly rooted in
the sediment and lower belowground biomass may
result in decreased coastal protection (Christianen
et al. 2013) and eventually to changed stability and resi-
lience of the meadows (Vonk et al. 2015). Shifts in
species composition as a result of seagrass invasion
are therefore expected to have a major impact on pro-
ductivity, habitat structure, food availability and carbon
sequestration (Marbà et al. 2015; Unsworth et al. 2015).
However, H. stipulacea has also colonized two locations
that previously consisted solely of bare sediment in Lac
Bay. Therefore, H. stipulacea can locally increase the
total cover of seagrass area and enhance ecosystem
functioning, especially if this species continues to colo-
nize unvegetated areas throughout the Caribbean
(Steiner & Willette 2015).
Although H. stipulacea has been reported to be inva-
sive, there are no unequivocal results supporting this
claim. Our first quantification of properties of intro-
duced seagrass fragments calls for further investigation
of fragment characteristics and interspecies compe-
tition in order to determine the invasiveness of
H. stipulacea and be able to model non-native seagrass
expansion. To fill in the most important gaps of knowl-
edge around H. stipulacea invasiveness potential and
expansion, more knowledge is needed on fragment
properties (viability, floating duration, dispersal dis-
tance, uprooting factors, density, lifespan; Ceccherelli
& Cinelli 1999; Smith & Walters 1999; Hall et al. 2006;
Grech et al. 2016) and the impact of natural and
human-induced stressors (e.g. grazing, storms, anchor
or propeller damage; Bando 2006; West et al. 2007,
2009). From the parameters obtained, we can model
the rate of expansion, predict changes in meadow
composition, and provide management recommen-
dations to maintain key ecosystem services of Carib-
bean seagrass meadows.
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